Abstract: Metal-oxide arresters (MOAs) are used to absorb the electrical energy resulting from overvoltages in power systems. However, temperature rises caused by the absorbed energy can lead to the electrothermal failure of MOAs. Therefore, it is necessary to analyze the electric and thermal characteristics of MOAs. In this paper, in order to study the electric and thermal characteristics of MOAs under power frequency voltage, an improved electrothermal model of an MOA is presented. The proposed electrothermal model can be divided into an electric model and a thermal model. In the electric model, based on the conventional MOA electric circuit, the effect of temperature on the voltage-current (V-I) characteristics of an MOA has been obtained. Using temperature and applied voltage as input data, the current flows through the MOA can be calculated using the artificial neural network (ANN) method. In the thermal model, the thermal circuit of a MOA has been built. The varistor power loss obtained from the electric model is used as input data, and the temperature of the zinc oxide varistors can be calculated. Therefore, compared with the existing MOA models, the interaction of leakage current and temperature can be considered in the proposed model. Finally, experimental validations have been done, and the electrothermal characteristics of an MOA have been studied by simulation and experimental methods. The electrothermal model proposed in this paper can assist with the prediction of the electric and thermal characteristics of MOAs.
Introduction
Metal-oxide arresters (MOAs) are electric equipment that are used in the power systems for protection against overvoltages [1, 2] . When a MOA is subjected to an electric system operating voltage, its resistance is high enough that the leakage resistive current can be neglected. However, due to the highly non-linear voltage-current (V-I) characteristics, when the MOA is subjected to temporary overvoltages or transient surges, the equivalent resistance become much smaller, and the resistive dynamic behavior is predominant [3] [4] [5] [6] . Due to these non-linear V-I characteristics and excellent current/energy absorption capabilities, MOAs are widely used in the electrical power systems [1] [2] [3] [4] [5] [6] . For an MOA, zinc oxide (ZnO) varistors are the core components, and the V-I characteristics of ZnO varistors show temperature dependence under power frequency-applied voltages [7] [8] [9] [10] [11] . What's more, when an AC voltage is applied to a MOA, the resistive current flowing through the ZnO varistors can cause power loss, which may lead to temperature rise or thermal failure of the MOA [12] [13] [14] [15] . Thus, in order to improve the thermal stability of MOAs, it is of great significance to study the interaction of MOAs' temperature and power loss characteristics under power frequency overvoltages.
In order to study the interaction of the electric and thermal characteristics of MOAs, it is necessary to develop their electrothermal models. Electric models of MOAs were proposed to provide tools
•
Firstly, the conventional electric model of an MOA is introduced; based on the conventional model, the diagram and calculation algorithm of the electrothermal model is proposed.
• Secondly, in order to build the electric part of the electrothermal model, experiments were carried out to obtain the voltage-current-temperature (V-I-T) characteristics of the tested ZnO varistors. According to the experimental results, the electric model of the tested ZnO varistors considering the temperature effects is built using the artificial neural network (ANN) method.
Using temperature and applied voltage as input data, the leakage current flowing through the varistors can be obtained, and the electric part of the electrothermal model has been validated through experimental results.
• Thirdly, a thermal resistance circuit model is introduced to build the thermal part of the model. Using power loss and ambient temperature as input data, the temperature of the MOA is calculated, which is used as the input data of the electric model. By doing so, the electrothermal model can be obtained combining the electric and thermal model built above. Compared with the existing studies, the interaction between the resistive leakage current and the temperature rise of ZnO varistors has been considered in this paper, and the electric and thermal characteristics can be simulated at the same time.
Finally, experiments were carried out to validate the simulation model, and its electric and thermal characteristics have been studied. Compared with the existing studies, the relationship between arrester temperature and time under different applied voltages is studied, and the experimental and simulated results show good agreement with each other.
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Diagram and Calculation Algorithm of Electrothermal Model

Conventional Electric Model Review
According to Section 1, MOAs have temperature-dependent non-linear V-I characteristics. Under power frequency voltage, the current flowing through the ZnO varistor can be divided into resistive and capacitive components. Therefore, the conventional circuit models of ZnO varistors and MOAs are built and shown in Figure 1 [18] . In this conventional model, five ZnO varistors are contained in the MOA; R, R 1 to R 5 represent the resistances of each varistor. C, C 1 to C 5 represent the stray capacitance of each varistor. CFF is the capacitance between the upper and lower flanges, C FUSi (i = 1, 2, 3) are the upper flange stray capacitances with spacers and aluminum sheets, and C FDSi (i = 1, 2, 3, 4) are the stray capacitances among the lower flange and spacers and aluminum sheets.
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Firstly, the V-I characteristics of ZnO varistors are measured under different temperatures experimentally. Using the applied voltage and varistor temperature as input data and the measured leakage current as output data, an artificial neural network is trained; thus, the V-I-T characteristics of the tested ZnO varistors can be obtained using the ANN method. The power losses of the varistors are calculated in order to be used in the thermal model.
2.
Secondly, an equivalent thermal circuit of MOA is built; using the ambient temperature, power loss, and MOA temperature at time t as input data, the temperature changes of the MOA can be obtained, and the MOA temperature at the next time-step (t + ∆t) is calculated as the output data of the thermal model.
3.
Finally, according to the last two steps, setting an ambient temperature, initial MOA temperature, and applied voltage, the electrothermal characteristics at different times can be calculated. If the difference between the electrothermal characteristics of two adjacent time steps is smaller than a threshold value, the electrothermal state reaches a steady state. Once the simulation time reaches the end, or the electrothermal simulation reaches a steady state, the simulation process reaches the end. 
Electric Model Considering Temperature Effects
According to Section 2, the electrothermal model in this paper can be divided into an electric part and a thermal part. In this section, the electric model is proposed. The V-I characteristics of the tested varistors at different temperatures are obtained through experiments. The ANN method is applied to simulate the temperature effects on V-I characteristics, and the simulated results show good agreement with the experimental ones.
Experimental Setup, Test Species, and Procedures
An experimental setup for the measurement of V-I-T characteristics under a power frequency-applied voltage is shown in Figure 4 . As shown in Figure 4a , the experimental circuit mainly includes a high voltage transformer, an oven, a high voltage probe, and a data acquisition system. The high voltage transformer has an adjustable voltage between 0-10 kV. In the oven, there is a thermal sensor, a temperature controller, and a heater; it is possible to increase the temperature over 200 ± 3 °C in the oven. The data acquisition system includes a digital oscilloscope, back-to-back connected Zener diodes Zd for overvoltage protection, and a 470-Ω shunt resistor Rsh for leakage current measurements. The leakage current and applied voltage can be captured using a digital oscilloscope in the data acquisition system. The experimental setup in Figure 4 can be used to obtain the V-I characteristics of the ZnO varistors under different temperatures. 
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Experimental Setup, Test Species, and Procedures
An experimental setup for the measurement of V-I-T characteristics under a power frequency-applied voltage is shown in Figure 4 . As shown in Figure 4a , the experimental circuit mainly includes a high voltage transformer, an oven, a high voltage probe, and a data acquisition system. The high voltage transformer has an adjustable voltage between 0-10 kV. In the oven, there is a thermal sensor, a temperature controller, and a heater; it is possible to increase the temperature over 200 ± 3 • C in the oven. The data acquisition system includes a digital oscilloscope, back-to-back connected Zener diodes Z d for overvoltage protection, and a 470-Ω shunt resistor R sh for leakage current measurements. The leakage current and applied voltage can be captured using a digital oscilloscope in the data acquisition system. The experimental setup in Figure 4 can be used to obtain the V-I characteristics of the ZnO varistors under different temperatures. Studied MOA and varistors are shown in Figure 4b . The MOA structure includes ZnO varistors, silicon rubber housing, and metal plates. Varistors, which have been removed from the studied MOA, were tested to obtain the V-I-T characteristics under a power frequency voltage. Firstly, the varistors were placed in the oven; then, voltage and current were measured. During the tests, the oven temperature was fixed at ambient temperature (20 °C) , and the required parameters were then measured under different applied voltages. In order to measure the leakage current and V-I characteristics under different temperatures, the oven temperature was fixed at a new value, and this process was repeated continuously until all of the required values have been obtained. In this paper, virgin arresters and ZnO varistors are used, and the degradation effects are not considered.
ANN Modeling of V-I Characteristic Considering Temperature Effects
Temperature increments change the V-I characteristics, leading to different leakage current waveforms and amplitudes at a constant applied voltage. Therefore, it is necessary to model the MOA as a temperature-dependent element.
In this paper, the MOA temperature-dependent electrical model under power frequency voltages has been simulated based on the non-linear resistor's V-I characteristic estimation. An artificial neural network (ANN) has been used to estimate the temperature effects on V-I Studied MOA and varistors are shown in Figure 4b . The MOA structure includes ZnO varistors, silicon rubber housing, and metal plates. Varistors, which have been removed from the studied MOA, were tested to obtain the V-I-T characteristics under a power frequency voltage. Firstly, the varistors were placed in the oven; then, voltage and current were measured. During the tests, the oven temperature was fixed at ambient temperature (20 • C), and the required parameters were then measured under different applied voltages. In order to measure the leakage current and V-I characteristics under different temperatures, the oven temperature was fixed at a new value, and this process was repeated continuously until all of the required values have been obtained. In this paper, virgin arresters and ZnO varistors are used, and the degradation effects are not considered.
In this paper, the MOA temperature-dependent electrical model under power frequency voltages has been simulated based on the non-linear resistor's V-I characteristic estimation. An artificial neural Energies 2018, 11, 1610 7 of 13 network (ANN) has been used to estimate the temperature effects on V-I characteristics [28] . As shown in Figure 5 , the artificial network consists of an input layer, a hidden layer, and an output layer. The applied voltage and varistor temperature are used as the ANN input data, the node number of the hidden layer is chosen as 10, and the resistance can be obtained as output data.
According to the ANN method, the relationship between the output layer and input layer can be given as Equation (1), where:
In Equation (1), X is the input vector, Y is the output vector, and w 1 , w 2 and b 1 , b 2 are the connective weights and bias in the hidden layer and output layer, respectively. f (·) is the non-linear activation function in the hidden layer, as shown in Equation (2) .
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Using Equations (1)- (4), the connective weights and bias can be calculated through the experimental data obtained in Section 3.1. Thus, the mapping between the input and output data of the ANN model can be obtained.
An accurate parameter extraction of the capacitive components is also very important for the electrothermal model of the MOA. It is confirmed by Bargigia, Spack-Leigsnering, Lundquist and Seyyedbarzegar [12] [13] [14] [15] that the stray capacitance is independent of applied voltage and temperature. In this paper, finite element methods are used to calculate the stray capacitances in ANSOFT Maxwell software (V16 software, ANSYS company, Pittsburgh, PA, USA). The two-dimensional (2D) simulation model is built in Figure 6 . In the computation stage, for example, a 1-V voltage is applied to a single element i, and the voltage of the other elements is set to 0 V. Evaluating the electric charge induced in the other elements, the capacitance between element i and element j can be calculated in Equation (5), where Q ij is the electric charge induced between element i and j, and V is the voltage applied on element i.
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Experimental Validation of the ANN Model
In order to validate the electric model of the MOA, the simulated V-I characteristics of the varistor at different temperatures are compared with the experimental results. As shown in Figure 7 , for a constant temperature, 50 points on the V-I curve are measured, 42 points are used to build the ANN model, and eight points are used to validate the calculated results of the ANN model. From Figure 7 , it can be confirmed that the simulated V-I-T characteristics obtained from the ANN model are in good agreement with the experimental results. It can also be seen that, under power frequency voltage, with an increasing varistor temperature, the equivalent varistor resistance become smaller. 
In order to validate the electric model of the MOA, the simulated V-I characteristics of the varistor at different temperatures are compared with the experimental results. As shown in Figure 7 , for a constant temperature, 50 points on the V-I curve are measured, 42 points are used to build the ANN model, and eight points are used to validate the calculated results of the ANN model. From Figure 7 , it can be confirmed that the simulated V-I-T characteristics obtained from the ANN model are in good agreement with the experimental results. It can also be seen that, under power frequency voltage, with an increasing varistor temperature, the equivalent varistor resistance become smaller.
Thermal Model
In this paper, a thermal circuit is introduced to calculate the arrester temperature [22, 23] . As shown in Figure 8 , P is the power loss obtained from the electric model, Ta is the ambient temperature, Te is the varistor temperature, T HI is the temperature of the inner surface of the arrester housing, T H is the temperature of the polymer housing, R CHO is the thermal resistor between the varistor and housing, R EHR and R EHCV are the radiation and conduction thermal resistances between the ZnO varistors and housing, R HACV and R HAR are the conduction and radiation thermal resistance between the housing and ambient, and C E and C H are the thermal capacitance of the ZnO varistor and housing.
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Experimental Validations
In order to validate the proposed electrothermal model, experimental data has been carried out using the experimental setup in Figure 5 . Power frequency voltages were applied on the tested MOA, and the temperature and leakage current flowing through the MOA was measured.
Under normal working conditions, the phase voltage applied on each 10 kV MOA is about 5.8 kV. When the arrester temperature is 24.7 °C, the applied voltage, leakage current, and thermal picture photographed by a high-quality thermal camera is shown in Figure 9 . As shown in the figure, the leakage current is in sinusoidal waveform, and the amplitude of the leakage current is about 1 mA. The capacitive current is much larger than the resistive current, and the difference between the temperatures of the varistors in the MOA can be neglected. Seen from Figure 9b , it can be seen that the simulated leakage current can effectively reflect the experimental results.
Due to switching or power system faults, the power frequency overvoltages applied on the MOA can be much higher than operation voltage. In order to monitor these conditions, a 17.4-kV AC overvoltage was applied on the arrester. The voltage applied on the MOA and the leakage current flowing through the varistors are shown in Figure 10a , while the thermal picture photographed by high quality thermal camera is shown in Figure 10b . As shown in Figure 10 , when the arrester temperature is 27.9 °C and the applied voltage is 17.4 kV, the leakage current amplitude is about 40 mA. From Figure 10 , it can also be seen that the simulated current curve can effectively reflect the amplitude of the experimental results. In Figure 8 , the input to the thermal circuit is the power loss obtained from the electric model. It is assumed that the initial temperature of the varistors and housing is the same with the fixed ambient temperature, and that the difference between the temperatures of the varistors can be neglected [22, 23] . According to the equations given by Lat [22, 23] , once the structure and thermal parameters of the MOA are known, the thermal resistance and capacitance at different times in Figure 8 can be calculated. Therefore, in this paper, the temperature variations are obtained by solving the thermal circuit in Figure 8 .
Under normal working conditions, the phase voltage applied on each 10 kV MOA is about 5.8 kV. When the arrester temperature is 24.7 • C, the applied voltage, leakage current, and thermal picture photographed by a high-quality thermal camera is shown in Figure 9 . As shown in the figure, the leakage current is in sinusoidal waveform, and the amplitude of the leakage current is about 1 mA. The capacitive current is much larger than the resistive current, and the difference between the temperatures of the varistors in the MOA can be neglected. Seen from Figure 9b , it can be seen that the simulated leakage current can effectively reflect the experimental results.
Due to switching or power system faults, the power frequency overvoltages applied on the MOA can be much higher than operation voltage. In order to monitor these conditions, a 17.4-kV AC overvoltage was applied on the arrester. The voltage applied on the MOA and the leakage current flowing through the varistors are shown in Figure 10a , while the thermal picture photographed by high quality thermal camera is shown in Figure 10b . As shown in Figure 10 , when the arrester temperature is 27.9 • C and the applied voltage is 17.4 kV, the leakage current amplitude is about The frequency spectra of the leakage current in Figures 9 and 10 are shown in Figure 11 . As shown in Figure 11a , under normal working conditions, the applied voltage is in the linear section of the V-I characteristics curve, and the harmonics of the leakage current are so small that they can be neglected. When the applied voltage reaches the non-linear section, as shown in Figure 11b , the amplitudes and odd harmonics of the leakage current increase greatly.
When the ambient temperature is 23 °C, under different overvoltages, the amplitude variations of current and temperature with time are shown in Figure 12 , from which it can be seen that when the applied voltage is smaller than 17.4 kV, the arrester temperature is kept stable. When the applied voltage is larger than 17.4 kV, the power loss of the arrester is larger than the heat dissipation, the varistor resistance decreases, and the leakage current increases, leading to an electrothermal failure of MOAs. The frequency spectra of the leakage current in Figures 9 and 10 are shown in Figure 11 . As shown in Figure 11a , under normal working conditions, the applied voltage is in the linear section of the V-I characteristics curve, and the harmonics of the leakage current are so small that they can be neglected. When the applied voltage reaches the non-linear section, as shown in Figure 11b , the amplitudes and odd harmonics of the leakage current increase greatly.
When the ambient temperature is 23 • C, under different overvoltages, the amplitude variations of current and temperature with time are shown in Figure 12 , from which it can be seen that when the applied voltage is smaller than 17.4 kV, the arrester temperature is kept stable. When the applied voltage is larger than 17.4 kV, the power loss of the arrester is larger than the heat dissipation, the varistor resistance decreases, and the leakage current increases, leading to an electrothermal failure of MOAs. 
Discussions
The simulated and measured results in Section 5 can be explained as follows. Under normal working conditions, when the applied voltage is 5.8 kV, the capacitive component of the leakage current is dominate, the leakage current is in sinusoidal waveform, and the harmonics of leakage current can be neglected. Under power frequency overvoltage, when the applied voltage reaches the non-linear section of the V-I curve, the leakage current increases rapidly, and the resistive component of the leakage current is dominate. The frequency spectra show that the odds harmonics of the leakage current become much higher under power frequency overvoltage.
Under the ambient temperature of 23 °C, when the power frequency overvoltage is smaller than 18 kV, the power loss caused by the leakage current is equal to the heat emitted into the ambient; thus, the temperature of the MOA remains stable when the applied voltage is smaller than 18 kV. When the applied voltage increases continuously, the heat created by the leakage current is larger than the emitted heat, leading to an exponentially increasing MOA temperature. This increases the leakage current in the ZnO varistors, and finally leads to the thermal failure of the MOA.
According to the above discussion, it is suggested that the critical voltage between the small current and non-linear regions should be designed to be higher than the max power frequency voltages in the power system; thus, the electrothermal failure of the MOA can be avoided under power frequency overvoltages. 
Under the ambient temperature of 23 • C, when the power frequency overvoltage is smaller than 18 kV, the power loss caused by the leakage current is equal to the heat emitted into the ambient; thus, the temperature of the MOA remains stable when the applied voltage is smaller than 18 kV. When the applied voltage increases continuously, the heat created by the leakage current is larger than the emitted heat, leading to an exponentially increasing MOA temperature. This increases the leakage current in the ZnO varistors, and finally leads to the thermal failure of the MOA.
According to the above discussion, it is suggested that the critical voltage between the small current and non-linear regions should be designed to be higher than the max power frequency voltages in the power system; thus, the electrothermal failure of the MOA can be avoided under power frequency overvoltages.
Conclusions
In this paper, an electrothermal model of a MOA has been proposed. It has considered the interaction between the leakage current and the temperature rise of the MOA. Using applied voltage, ambient temperature, and initial temperature as input data, the temperature and leakage current of a MOA at any time can be calculated. Experimental validations have been done, and the experimental and simulated results show good agreement with each other.
The electrothermal models in this paper can be used to predict not only the voltage and leakage current, but also the temperature characteristics of a MOA. It is also suggested that the critical voltage between the small current and non-linear regions should be designed to be higher than the max power frequency voltages in the power system to avoid the electrothermal failure of MOAs. The studies in this paper can assist with the design and type selection of MOAs in the power system. 
